Organisms of the Mycobacterium avium complex cause disseminated blood-borne infection in patients with AIDS, who acquire the infection mainly through the gastrointestinal tract. Prior to causing infection, M. avium must colonize and invade the intestinal mucosa. This study examined the ability of several serovars of the M. avium complex to bind to and invade the HT-29 intestinal mucosal cell line and the HEp-2 laryngeal cell line.
Many pathogenic organisms are capable of entering into a number of cell types that are not considered phagocytic. These organisms (e.g., Salmonella spp., Chlamydia trachomatis, and Shigella spp.) commonly cause systemic or local infections (6, 9, 20) . Recent observations have determined that many of the organisms using mucosal membranes as the initial route of infection have the ability to bind and invade epithelial cells (5, 13) , usually by utilizing host proteins (soluble or associated with cells) to facilitate adhesion and internalization. Molecular studies on organisms such as Yersinia pseudotuberculosis and Y enterocolitica have shown that bacteria utilize at least three mechanisms to invade epithelial cells (13, 22) , one of them dependent on the expression of a binding protein, invasin (16) .
The onset of AIDS has been associated with a significant increase in the incidence of infectious caused by organisms of the Mycobacterium avium complex (4, 10) . M. avium disease in non-AIDS patients is usually a limited pulmonary infection, whereas patients with AIDS develop bacteremia and disseminated disease (33) .
There is substantial epidemiologic and clinical evidence that the main route of M. avium infection in patients with AIDS is the gastrointestinal tract (8) , although other studies suggest that the respiratory tract can be an alternative route of infection (17) . To cause infection through the gastrointestinal route, bacterial pathogens are dependent on their ability to overcome the mucosal barrier. The initial site of Salmonella infection is the distal ileum, where the bacteria associate with the epithelium lining and Peyer's patches (20) .
Previous studies in our as well as in other laboratories using an animal model in which M. avium is administered by gavage had shown that most of the bacteria colonize the terminal ileum (2, 24 culture medium. M. avium 101 (106 bacteria per well) was then added to HT-29 and HEp-2 monolayers. Control wells without mammalian cells were similarly prepared to quantitate nonspecific bacterial adherence to the plastic. The bacteria were allowed to adhere for 120 min at 4°C, and after the incubation period, each well was rinsed four times with 1 ml of ice-cold HBSS, pH 7.4. Monolayers were subsequently treated with 0.5 ml of Triton X-100 (Sigma) in sterile water for 10 min. Middlebrook 7H9 broth (0.5 ml) was then added in each sample, and the bacteria were harvested. Adherent bacteria were quantitated by plating for CFU onto Middlebrook 7H10 agar.
To measure internalization of adherent bacteria, bacteria were allowed to adhere as described above; after removal of nonadherent bacteria, 1 ml of prewarmed tissue culture medium was added to each assay well, and internalization was allowed to proceed for 120 min at 37°C in a 5% CO2 atmosphere. Intracellular M. avium was quantitated after treatment of monolayers with amikacin as described below.
Invasion assay. The invasion assay was a modification of the assay described by Isberg and Falkow (14) . Prior to the assay, the culture medium of the monolayers was removed and replaced with prewarmed culture medium. Bacterial samples (106 bacteria per well) were added as described above. Invasion assays were incubated at 37°C in a 5% CO2 incubator for 120 min. Assays were terminated by replacing the overlying medium with 1 ml of tissue culture medium supplemented with 100 jLg of amikacin per ml. Amikacin, an aminoglycoside antibiotic, at the concentration used kills extracellular M. avium, while intracellular bacteria remain viable (Fig. 1) . After the incubation with amikacin for 120 min at 37°C in a 5% CO2 atmosphere, the monolayers were washed twice with HBSS, and the viable intracellular bacteria were released by incubation of the monolayers with 0.5 ml of 0.1% Triton X-100 in sterile water for 10 min. Controls were run in parallel to ensure viability of the bacteria. Samples were vigorously mixed with 0. (Fig. 1) .
Percentages of the initial inoculum of bacteria (106) recovered in the monolayers after washing were as follows: 4°C for 2 h, <0.001; 4°C for 6 h, <0.001; 37°C for 2 h, <0.003; and 37°C for 2 h plus amikacin (100 ,ug/ml for 2 h), <0.001. These results indicated that the washing process was efficient when monolayers were incubated at 4°C and that treatment with amikacin improved the efficiency of the washing after incubation at 37°C.
Effect of growth conditions on binding and invasion. Mycobacteria are known to be able to survive within mammalian cells both in a latent state and in the logarithmic phase of growth (28) . To 100 2.7 ± 0.7 6.9 ± 2.0 7.3 ± .9 1.6 ± 0.4 6.7 ± 2.1 7.5 ± 1.7 101 2.9 ± 0.9 7.2 ± 2.1 7.5 ± 1.6 1.9 ± 0.3 5.7 ± 1.4 6.6 ± 2.6 109 2.5 ± 0.6 6.7 ± 1.8 7.1 ± 1.5 1.2 ± 0.4 5.9 ± 1.7 6.5 ± 2.1 86-2486
1.6 ± 0.6 3.1 ± 0.7 3.3 ± 1.0 0.5 ± 0.1 2.6 ± 0.8 2.9 ± 1.1 two protein kinase inhibitors (protein kinase C and cyclic AMP-dependent protein kinase). Our results show that staurosporin and H7 exhibited dose-dependent inhibition of invasion of HT-29 cells by M. avium ( Fig. 4A and B) . Incubation of M. avium with staurosporin (1 ,uM) for 2 h had no effect on the viability of the bacterium (extracellular and intracellular).
Since staurosporin also inhibits some tyrosine kinase activities (31, 32), we examined the effect of a tyrosine kinase inhibitor on the uptake of M. avium by HT-29 cells. Genistein inhibits tyrosine kinase by inhibiting the binding of ATP to the enzyme (31) , and it is a highly specific tyrosine kinase inhibitor (31) . Genistein strongly inhibited the uptake of M. avium by HT-29 cells (Fig. 4C ). Genistein at 300 FiM also did not affect M. avium viability (intracellular or extracellular). H8, a protein kinase A inhibitor, at 0.05, 0.5, 1, 2, or 4 FLM had no effect on the ability of M. avium to invade HT-29 and HEp-2 cells (data not shown).
DISCUSSION
Infections caused by organisms of the M. avium complex are common in patients with AIDS (4, 10, 33). Current evidence suggests that a large majority of patients with AIDS acquire M. avium infection following colonization of the gastrointestinal tract. Histopathologic studies show that large numbers of organisms are found in the intestinal mucosa and submucosa of patients with M. avium infection, and a few studies suggest that intestinal colonization precedes the onset of bacteremia (11, 19) .
To infect the intestinal mucosa, M. avium must be able to bind and invade the intestinal epithelial cells; however, little is known about how this is accomplished. In an attempt to better understand the interaction between M. avium and intestinal mucosal cells, we have adapted the Yersinia-based experimental systems described by Isberg (12, 13), Isberg and Falkow (14) , and Miller and Falkow (22) (29) .
Studies carried out with Yersinia sp. and Salmonella typhimurium have demonstrated the presence of multiple pathways for cellular penetration (7, 11, 12, 22, 23) , but current evidence suggests that the mammalian cell plays an active role in taking up the bound microorganisms (7, 23) . Similar findings were obtained for M avium and supported by the observation that cytochalasin B, a microfilament inhibitor, inhibits entry of M avium into mammalian epithelial cells. Our results indicate that the mammalian cell receptor(s) recognized by the bacte- rium must somehow be linked to the cell cytoskeleton. This linkage may be the critical difference between pathogens that simply bind to the surface of mammalian cells and those that invade. In fact, the ability of cytochalasin B to inhibit entry of M. avium has been demonstrated previously with serovar 2 of M. avium and Henle 407 epithelial cells (21) .
Recently, an adhesin for fibronectin has been characterized in a number of species of mycobacteria (1, 25) and has been associated with the ability of M. bovis to bind to bladder cells (26) .
Our results also suggest a role for tyrosine phosphorylation in M. avium entry as well. Protein kinase inhibitors and a tyrosine kinase inhibitor were able to block M. avium entry into cultured HT-29 cells. Inhibition in the presence of H7 was not complete; however, in contrast with staurosporin, H7 has been found to be a weak inhibitor of protein kinase (27) . Similar findings have been reported for invasin-mediated entry of yersiniae into cultured cells. In fact, integrins such as 1f3t and aL5I3 on the surface of mammalian cells are membrane receptors for fibronectin, and tyrosine phosphorylation has been shown to play a role in signal transduction through integrins (18) . Furthermore, the I3, integrins were recently shown to be associated with M. leprae binding to nasal epithelial cells (3).
In conclusion, M. avium is capable of interacting with mammalian epithelial cells. We observed a difference between the ability of M. avium strains 100, 101, and 109 and one strain of M. intracellulare (CDC 86-2486) to penetrate cells. Further studies are necessary to establish the bacterial structure(s) responsible for the invasion of host cells. 
